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ABSTRACT
We use the new three-dimensional (3D) whole-prominence ﬁne structure model to study the evolution of
prominences and their ﬁne structures in response to changes in the underlying photospheric magnetic ﬂux
distribution. The applied model combines a detailed 3D prominence magnetic ﬁeld conﬁguration with a realistic
description of the prominence plasma distributed along multiple ﬁne structures. In addition, we utilize an
approximate Hα visualization technique to study the evolution of the visible cool prominence plasma both in
emission (prominence) and absorption (ﬁlament). We show that the initial magnetic ﬁeld conﬁguration of the
modeled prominence is signiﬁcantly disturbed by the changing position of a single polarity of a magnetic bipole as
the bipole is advected toward the main body of the ﬁlament. This leads to the creation of a barb, which becomes the
dominant feature visible in the synthetic Hα images of both the prominence and ﬁlament views. The evolution of
the bipole also creates conditions that lead to the disappearance and reappearance of large portions of the main
body. We also show that an arch-like region containing a dark void (a bubble) can be naturally produced in the
synthetic prominence Hα images. While not visible in terms of the magnetic ﬁeld lines, it is due to a lack of Hα
emission from low-pressure, low-density plasma located in shallow magnetic dips lying along the lines of sight
intersecting the dark void. In addition, a quasi-vertical small-scale feature consisting of short and deep dips, piled
one above the other, is produced.
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1. INTRODUCTION
To date, research into the evolution of prominences has
mainly being carried out either in terms of the prominence’s
magnetic ﬁeld (see, e.g., the review by Mackay et al. 2010) or
in terms of the observable prominence plasma (see Labrosse
et al. 2010). Studies that consider the evolution of the
prominence magnetic ﬁeld mainly use magnetohydrodynamic
(MHD) models that evolve an initial magnetic ﬁeld conﬁgura-
tion over consecutive time steps. Such models include van
Ballegooijen & Martens (1989), DeVore & Antiochos (2000),
Galsgaard & Longbottom (1999), Lionello et al. (2002),
Mackay & Gaizauskas (2003), Mackay & van Ballegooijen
(2005, 2006, 2009), Aulanier et al. (2006), Martens & Zwaan
(2001), and Xia et al. (2011, 2012). These simulations study the
prominence evolution mainly in terms of the magnetic ﬁeld. To
simulate the appearance of mass-loaded dips, they often
employ a simple technique of drawing portions of ﬁeld lines
at the position of the magnetic dips—a simpliﬁed representa-
tion of the prominence plasma (see the discussion of this
technique in Gunár 2014). This is beneﬁcial for the assessment
of the large-scale changes of the prominence structure in
connection to the variation of the photospheric ﬂux distribution
below it. However, it does not clearly indicate how these
changes translate into the changes of the prominence plasma
and thus to the changes that are visible in observations at
different wavelengths.
In contrast to magnetic ﬁeld modeling, studies of promi-
nence evolution from observations are not able to directly
reveal the prominence magnetic ﬁeld structure. Only an indirect
link exists between the observed evolution of the large- and
medium-scale prominence structures seen in a variety of
wavelengths and the evolution of the prominence magnetic
ﬁeld conﬁguration. This is even more complicated when the
evolution of the prominence’s ﬁne structures is taken into
account, due to the fact that they depend heavily on the local
thermodynamical properties (see, e.g., Labrosse et al. 2010).
The dynamics of prominence ﬁne structures has been analyzed
by many authors, among them Schmieder et al. (2010), Berger
et al. (2011), Gunár et al. (2012), and Heinzel et al. (2015b).
For a comprehensive review of prominence dynamics see
Berger (2014) and for a review of general prominence
properties, see Labrosse et al. (2010). Modeling the dynamics
of prominence ﬁne structures as a result of the magnetic
Rayleigh–Taylor instability has been carried out by Hillier et al.
(2012). The dynamical behavior of prominence ﬁne structure
plasma is also considered in the simulations of prominence
oscillations—see the review by Ballester et al. (2014). Some
studies of prominence ﬁne structures even indicate a dynamical
behavior in contradiction to the generally assumed predomi-
nantly horizontal prominence magnetic ﬁeld conﬁgurations
(Berger et al. 2008, 2010). The only direct evidence of the
prominence magnetic ﬁeld, obtained from observations, is
provided by spectropolarimetry (see, e.g., Leroy 1989, pp.
77–113; Casini et al. 2009; Orozco Suárez et al. 2014).
In the present paper we use the ﬁrst three-dimensional (3D)
whole-prominence ﬁne structure (WPFS) model developed by
Gunár & Mackay (2015, hereafter Paper I) to study the large-
scale, long-term evolution of prominence and ﬁlament ﬁne
structures with respect to the evolution of the underlying
photospheric magnetic ﬂux distribution. We employ the
method of Gunár et al. (2013) to ﬁll magnetic dips produced
by the 3D non-linear force-free ﬁeld (NLFF) model of Mackay
& van Ballegooijen (2009) with prominence plasma in
hydrostatic equilibrium. The temperature variation of the
prominence plasma is described semi-empirically and it
includes a prominence-corona transition region (PCTR). We
use the fast approximate Hα radiative transfer method of
Heinzel et al. (2015a) to produce synthetic Hα images of the
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modeled prominence. This allows us for the ﬁrst time to
consistently follow the link between the changes of the
photospheric ﬂux distribution, the prominence magnetic ﬁeld
conﬁguration, the prominence ﬁne structure plasma, and the
observable changes in its appearance both as a prominence (in
emission) and as a ﬁlament (in absorption). In this paper we
consider the main large-scale evolution of the prominence and
not the small-scale rapid dynamics of the individual promi-
nence ﬁne structures. Following the latter between individual
time steps is beyond the scope of the current paper.
A brief overview of the 3D magnetic ﬁeld conﬁguration and
its evolution, together with a description of the prominence
plasma distribution and the applied visualization technique, are
given in Section 2. The evolution of the modeled prominence is
described in detail in Section 3. Sections 4 and 5 give a
discussion of the results and our conclusions.
2. 3D WPFS MODEL
2.1. Whole-prominence Magnetic Field Conﬁguration
As in Paper I, we use the 3D NLFF simulations of Mackay &
van Ballegooijen (2009) to produce a time series of realistic
prominence magnetic ﬁeld conﬁgurations. As stated in Paper I,
our intent is not to demonstrate the validity of these simulations
by comparison with observations of prominences and ﬁla-
ments. We simply use these simulations as a readily available
data set with which to employ the WPFS modeling. Details of
these simulations are described in Section 3 of Paper I and in
Mackay & van Ballegooijen (2009). In the following
paragraph we brieﬂy summarize their setup.
The basic photospheric distribution of magnetic ﬂux is that
of a magnetic arcade with displaced magnetic ﬂux concentra-
tions (see Figure 1 of Mackay & van Ballegooijen 2009). The
separation of the arcades is chosen to be 120,000 km, with one
dimension-less length-scale unit of 60,000 km. This choice is
arbitrary, but is taken such that the arcades lie four typical
supergranular cells apart. From the photospheric ﬂux distribu-
tion a 3D linear force-free ﬁeld is constructed where the value
of α is ﬁxed at - ´ -1.477 10 8 m−1. This is sufﬁciently large
to produce a simple regular dipped magnetic ﬁeld conﬁguration
that represents the basic structure (main body) of a ﬁlament/
prominence. The value of α that we have chosen is well below
the critical value of - ´ -2.14 10 8 m−1. This linear force-free
ﬁeld represents the initial condition into which a bipole is
inserted (see Section 2.2.3 of Mackay & van Ballegooi-
jen 2009). The ratio of bipole ﬂux (Fb) to arcade ﬂux (Fa) is
=F F 0.0084,b a while the ratio of bipole to ﬁlament ﬂux (Ff) is=F F 2.7.b f The bipole is therefore very weak compared to the
overall arcade, but strong compared to the ﬂux of the ﬁlament
(i.e., the ﬂux of the initial dipped portion of the magnetic ﬁeld).
In setting up the initial condition we specify the ﬂux of the
arcade and the ﬂux of the bipole. These values are set to specify
the ﬂux of a decaying active region and that of an ephemeral
region. These values are constrained through observations of
typical sized regions and are chosen to lie in the middle range
of observed values. The ﬁlament ﬂux then depends on the
force-free parameter α used to compute the initial condition.
By varying α we can make the dipped region bigger or smaller.
The α is chosen so that we produce a typical length/height and
width of a ﬁlament. We then compute the ﬁlament ﬂux, from
the size of the dipped region. Therefore while the arcade and
bipole ﬂux are explicitly ﬁxed by us, the ﬁlament ﬂux is not.
However, the ﬁlament ﬂux is well within ranges found in other
simulations and deduced by observations, i.e., that produced by
taking the strength of B from Hanle measurements times the
ﬁlament height and width.
The inner negative polarity of the inserted bipole is then
advected toward the main body of the prominence/ﬁlament by
a boundary ﬂow with a velocity of 0.1 km s−1 while the
positive polarity is held ﬁxed. As the minority polarity is
advected toward the main body, the whole magnetic ﬁeld
conﬁguration is perturbed and evolves through a series of
continuous quasi-static NLFF states. This evolution is
described by the magneto-frictional technique of van Balle-
gooijen et al. (2000) and Mackay & van Ballegooijen (2006).
2.2. Evolution of the Magnetic Field Conﬁguration
In the present paper, to follow the evolution of the modeled
prominence we consider a time series of seven quasi-static
states that we call snapshots. The ﬁrst snapshot represents the
magnetic ﬁeld conﬁguration soon after the insertion of the
bipole (200, 60 s time steps). The six following snapshots are
each taken after 600, 60 s time steps, i.e., 10 hr apart. We name
them SNAPSHOT 1, 4, 7, 10, 13, 16, and 19. As in Paper Ihere
we consider the magnetic ﬁeld conﬁgurations with the
resolution increased from 2563 to 12803 grid points. This
allows us to adequately resolve the prominence plasma ﬁne
structures with cross-section widths of 1000 km. Each point in
the computational domain is tested for the presence of magnetic
dips. These occur when the vertical component of the magnetic
ﬁeld satisﬁes the conditionsBz = 0 and  >B B. 0.z We
consider magnetic ﬁeld lines passing through all grid points
which satisfy this criterion. To overcome the arbitrary selection
effects when selecting ﬁeld lines (see Section 2 of Paper I) we
use the multiple randomization method described in Section
3.1. of Paper I that only selects non-overlapping plasma ﬁne
structures (named independent ﬁeld lines). In Figures 3–9 we
plot the dipped portions of all independent ﬁeld lines in each
snapshot. Field lines are displayed in projections onto the x–y,
x–z, and y–z planes. The position of the positive (solid red
lines) and negative (dashed blue lines) polarity of the inserted
bipole is marked by drawn contours, where the contours
represent values of Bz at levels ±1, ±2, ±3, and ±4 G.
2.3. Prominence Fine Structure Plasma Distribution
To obtain the plasma distribution within the entire
prominence for each snapshot we ﬁll the dipped portions of
all selected independent ﬁeld lines with plasma in hydrostatic
equilibrium using the method developed by Gunár et al. (2013).
This produces individual prominence plasma ﬁne structures
with a realistic distribution of the gas pressure and the
temperature, including the PCTR. The implementation of this
method to prominence magnetic ﬁeld conﬁgurations with large
numbers of prominence ﬁne structures is described in detail in
Section 3.2 of Paper I.
The local plasma parameters in the individual prominence
plasma ﬁne structures depend on the local conﬁguration of the
magnetic ﬁeld and are thus unique for each ﬁne structure.
However, we assume a set of input plasma parameters that are
identical for all ﬁne structures in all snapshots. Parameters T0—
the central minimum temperature, Ttr—the transition region
temperature at the boundary, gal—the exponent describing the
temperature gradient parallel to the ﬁeld, and gac—the exponent
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describing the temperature gradient perpendicular to the ﬁeld—
prescribe the semi-empirical temperature structure with two
distinct shapes of the PCTR. These are represented by a narrow
region with a steep temperature gradient in the direction
perpendicular to the magnetic ﬁeld lines and a more extended
region with a gradual temperature increase in the direction
parallel to the ﬁeld. We assume here T0 = 7000 K, Ttr =
100,000 K, g = 2al , and g = 60.ac We further assume the
maximum column mass along the magnetic ﬁeld line in the
middle of any prominence plasma ﬁne structure M0 to be
1 × 10−4 g cm−2 and the transition region gas pressure at the
boundary ptr to be 0.015 dyn cm
−2. We also assume the cross-
section width of all ﬁne structures to be 1000 km. For more
details, including a quantitative description of the ﬁne
structures and a discussion of the choice of these values see
Paper I.
To deﬁne all of the physical quantities for all ﬁne structures,
in all of the snapshots we use the same special 3D grid as in
Paper I. The use of such a grid is based on the fact that all
dipped portions of the magnetic ﬁeld lines for all snapshots are
oriented mostly parallel to the x-axis of the computational
domain. This allows us to use a lower resolution of 150 km
along the x-axis (along the length of the dips) and a higher
resolution of 10 km only in the y–z plane (see Figure 4 of
Paper I). We further assume that the cross-sectional planes of
all prominence ﬁne structures are parallel to the y–z plane
instead of being strictly perpendicular to the local magnetic
ﬁeld vector.
2.4. Hα Visualization
We obtain the synthetic Hα line center images of the
modeled prominence/ﬁlament through the use of the approx-
imate radiative transfer method for Hα visualization developed
by Heinzel et al. (2015a). This method uses fast one-
dimensional (1D) radiative transfer calculations in the Hα line
along any given LOS. It takes into account only the local
variation of the temperature and gas pressure along a given line
of sight (LOS) intersecting the prominence plasma ﬁne
structures. The implementation of this visualization method
to the 3D WPFS model is described in detail in Section 4 of
Paper I.
In contrast to Paper I, in the present paper we do not assume
a constant value of the hydrogen ionization degree i and the
factor f describing the relation between the electron density and
the hydrogen second-level population (see, e.g., Heinzel
et al. 1994). Instead, we interpolate their values from tables
given in Heinzel et al. (2015a) based on the local values of the
temperature and gas pressure. An altitude of 10,000 km above
the solar surface is assumed everywhere in each snapshot to
save computational time. We do not expect signiﬁcantly
different results if the altitude is varied.
To visualize a 3D WPFS model as a prominence seen in
emission above the solar limb (i.e., without any background
radiation), we use the LOS parallel to the y-axis (perpendicular
to the x–z plane). This corresponds to the x–z plane view in
Figures 3–9. We construct a grid with 150 × 150 km spacing
that covers the x–z plane to obtain synthetic images with
resolutions comparable to observations such as those obtained
using the Narrowband Filter Imager (NFI) of the Solar Optical
Telescope (SOT, Tsuneta et al. 2008) on board Hinode
(Kosugi et al. 2007). The synthetic Hα line center images for
each snapshot viewed in the x–z plane are shown in color in
Figure 1 for all snapshots. They are also shown in Figures 3–9
for the individual evolution steps where they can be clearly
compared to the drawn dipped portions of the ﬁeld lines. All
prominence images are saturated at a maximum intensity of
3.2 × 10−6 erg s−1 cm−2 sr−1 Hz−1.
To visualize a WPFS model as a (dark) ﬁlament, i.e., in
absorption against the bright solar disk background, we use a
LOS that is oriented downward in a direction anti-parallel to
the z-axis (perpendicular to the x–y plane). This corresponds to
the x–y plane view in Figures 3–9. We again construct a grid
with 150 × 150 km spacing that now covers the x–y plane. The
synthetic ﬁlament Hα line center images are shown in
absorption against the bright solar disk in Figure 2 for all
snapshots and also in Figures 3–9 for the individual evolution
steps. The intensity of the solar disk (6.93× 10−6 erg
s−1 cm−2 sr−1 Hz−1) is taken from David (1961). All ﬁlament
images are saturated at a minimum value of
3.25 × 10−6 erg s−1 cm−2 sr−1 Hz−1.
3. PROMINENCE AND FILAMENT EVOLUTION
In this section we describe in detail the evolution of the
modeled prominence magnetic ﬁeld and its appearance in the
Figure 1. Synthetic prominence Hα images of all snapshots. The intensity
scale is indicated in Figures 3–9. Dimensions are in kilometers.
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synthetic Hα images both as a prominence and as a ﬁlament.
The evolution is followed at discrete intervals given by the
individual snapshots. The same time series was studied in
Mackay & van Ballegooijen (2009), but with a much lower
resolution and only the magnetic ﬁeld was investigated. In
Figures 1 and 2 we show the complete time series of snapshots
both as a prominence and ﬁlament, respectively. Lower-case
letters denote individual prominence features in Figure 1 and
upper-case letters the corresponding ﬁlament features in
Figure 2. In Figures 3–9 we show for each snapshot the plots
of dipped portions of all independent ﬁeld lines in the top view
(x–y plane) and side views (x–z and y–z planes). We also show
the synthetic Hα images of the model as a ﬁlament and as a
prominence. The position of the positive (solid red contours)
and negative (dashed blue contours) polarity of the inserted
bipole is also marked. We note that the stated depth of the
magnetic dips in particular regions described in the following
paragraphs can be discerned from the plots showing the dipped
portions of the ﬁeld lines when these plots are magniﬁed in the
electronic version of this paper. Examples of such an enlarged
view are shown in Figure 10.
SNAPSHOT 1 (Figure 3). From the plots of the dipped
magnetic ﬁeld lines it can be seen that the insertion of the
bipole breaks the symmetry of the original arcade and creates a
series of shorter but deeper dips between the main body of the
prominence/ﬁlament and the bipole (see the x–y and the x–z
plane panels of Figure 3). These dips are branching out from
the main body toward the bipole and are indicative of a barb.
The main body consists of a large number of long but relatively
shallow highly sheared dips. The spatial volume occupied by
the magnetic dips forming the main body is much larger than
that taken up by the dips near the inserted bipole. However, this
description completely changes when we consider the synthetic
Hα images. From the synthetic Hα images we can see that
while the main body is faintly visible both as a prominence and
ﬁlament, the brightest part of the prominence (a) and the
darkest part of the ﬁlament (A) are composed of short dips
formed due to the presence of the bipole. The brightest part of
the prominence forms a relatively compact seemingly vertical
feature (a). This is, however, composed of numerous horizontal
ﬁne structures that align one above the other. The visible main
body in the ﬁlament image consists of long highly sheared
parallel ﬁbrils forming an apparent spine. The region branching
out toward the bipole is clearly separated from the main body.
This is formed by a series of short dark ﬁbrils following the
local magnetic ﬁeld conﬁguration.
SNAPSHOT 4 (Figure 4). This snapshot is taken 10 hr later,
which translates to an advancement of the inner negative
polarity toward the main body by 3600 km. While the
difference in the magnetic ﬁeld conﬁguration does not seem
dramatic, the observable cool prominence plasma in the
synthetic Hα images shows signiﬁcant changes. The left part
of the main body has completely disappeared from the
synthetic Hα ﬁlament image, even though the magnetic ﬁeld
conﬁguration still shows a large number of dips at this location
(see the x–z plane panel of Figure 4). The short deeper dips that
branch out toward the bipole (A) are now attached to the right
part of the main body. This is seen both in the plot of the
dipped ﬁeld lines and the synthetic Hα ﬁlament image. These
short deeper dips now form a more uniform barb with mainlyFigure 2. Same as Figure 1 but showing synthetic ﬁlament Hα images.
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parallel short ﬁbrils that form the darkest region in the ﬁlament
image. This dark region is caused mainly by the depth of the
individual dips (and thus the resulting higher gas pressure) and
not by a pile-up of multiple dips one above each other. The
synthetic Hα image of the prominence has also changed,
compared to the previous snapshot. The central brightest quasi-
vertical feature (a) is now more compact. The right part of the
main body (b) is still faintly visible, but the left part has
completely disappeared. The central brightest region is visibly
formed by horizontal ﬁne structures stacked one above the
other. These correspond to the ﬁbrils forming the barb.
SNAPSHOT 7 (Figure 5). After an additional 10 hr and
3600 km shift of the negative polarity the right side of the
main body (B) has also nearly disappeared from the synthetic
Hα ﬁlament image. In contrast, this is not at all apparent from
the plotted ﬁeld lines, where both parts of the main body have
barely changed. In fact, the volume taken up by all magnetic
dips even appears to have grown compared to the previous
snapshot. The image of the ﬁlament now essentially shows
only a barb (A) consisting of a series of short dark nearly
parallel ﬁbrils. Interestingly, while there is a signiﬁcant change
in the appearance of the ﬁlament, the synthetic Hα image of the
prominence has not changed much. The central bright compact
vertical structure is slightly broader, especially at higher
altitudes. The bright horizontal ﬁne structures forming it
correspond to the dark ﬁbrils in the ﬁlament image. The right
part of the main body (b) is faintly visible.
SNAPSHOT 10 (Figure 6). Another shift of the negative
polarity toward the main body by 3600 km causes the magnetic
ﬁeld conﬁguration to split. In the images showing the dipped
magnetic ﬁeld lines the left part of the main body separates
from the right and an additional small region of short dips
forms on the left of the bipole. In the synthetic ﬁlament Hα
image the now separated left part (C) becomes faintly visible
again compared to the previous snapshot. We discuss the
possible causes of this behavior in Section 4. The right part of
the main body (B) also becomes visible again, and now appears
much broader and darker, formed by long ﬁbrils. The region of
short dips on the left (D) is also faintly visible. In the
prominence image the brightest part becomes wider and more
structured than before. The right part of the main body now
forms a clearly visible large halo to the right of the central
bright feature. The left part of the main body (c) becomes
visible again, albeit faintly. The newly formed small region on
the left (d) forms an interesting quasi-vertical feature that can
be clearly seen rising from the left part of the prominence
Figure 3. SNAPSHOT 1. Dipped portions of all independent ﬁeld lines are plotted in the top view (x–y plane) and side views (x–z and y–z planes). The synthetic Hα
image of the model as a ﬁlament (x–y plane view) is plotted at the top and as a prominence (x–z plane view) at the bottom. The position of the positive (solid red lines)
and negative (dashed blue lines) polarity of the inserted bipole is marked by drawn contours. Dimensions are in kilometers. (a) denotes the brightest part of the
prominence and (A) denotes the darkest part of the ﬁlament. These are composed of short dips formed due to the presence of the bipole.
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toward the bright central part at around a 45° angle from the
vertical. This feature is formed by a pile-up of the short
horizontal ﬁne structures staggered one above the other.
Interestingly, a darker arch-like region (e) that is devoid of
bright emission (but not of magnetic dips) starts to appear on
the right, below the central bright feature. This region is not
visible in the synthetic ﬁlament Hα image.
SNAPSHOT 13 (Figure 7). After another 10 hr the separation of
the left part of the main body is more pronounced and is now
visible in all three plots of the magnetic ﬁeld lines. Both the
ﬁlament and the prominence Hα images appear similar to the
previous snapshot, with only the relative intensity changed.
The only notable variations are that the small quasi-vertical
feature on the left (d, D) and the dark arch-like region on the
right (e) are more clearly visible.
SNAPSHOT 16 (Figure 8). This snapshot is again similar to the
previous two. As the negative polarity passes below the former
location of the main body the separation of its left part is even
wider compared to the previous snapshot. The ﬁlament and
prominence images are similar to the previous two snapshots.
The most signiﬁcant change is that the dark void on the right
below the central bright part of the prominence is now more
clearly visible. The void is now clearly surrounded by an area
of bright emission and resembles the bubble-like features
reported in prominences by Berger et al. (2010, 2011) and
studied by, e.g., Dudík et al. (2012) or Gunár et al. (2014b).
Interestingly, such an arch-like region cannot be identiﬁed in
the magnetic ﬁeld conﬁguration itself (see the x–z plane panel
of Figure 8) but is clearly visible in the synthetic Hα image.
SNAPSHOT 19 (Figure 9). Another shift of the negative
polarity by 3600 km causes both the right and left parts of the
main body to diminish in size again in the ﬁlament synthetic
Hα image. However, the magnetic ﬁeld conﬁguration does not
change so dramatically. In the prominence Hα image the
central bright feature is now tilted in the opposite direction
toward the right side (for explanation of this behavior see
Section 4). The dark arch-like void becomes smaller and the
quasi-vertical feature on the left appears brighter than before,
although less extended.
4. DISCUSSION
From the presented analysis of the modeled prominence
evolution it is evident that even a small change in the
underlying photospheric magnetic ﬂux distribution, equivalent
to a shift of a single minority polarity by a few thousand
kilometers, can cause a large change in the appearance of the
prominence. While the evolving photospheric ﬂux distribution
signiﬁcantly affects the prominence magnetic ﬁeld
Figure 4. SNAPSHOT 4. Same as in Figure 3. (a) denotes the brightest part of the prominence and (A) denotes the darkest part of the ﬁlament. These are composed of
short dips formed due to the presence of the bipole. (b) highlights the position of the faintly visible right part of the main body.
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conﬁguration illustrated in terms of the plotted dipped portions
of the ﬁeld lines, much more signiﬁcant and pronounced
changes occur when the synthetic Hα images are considered.
This is partly due to the fact that when considering ﬁeld lines,
shallow and deep dips are given an equal signiﬁcance. When
considering the synthetic Hα emission or absorption, the deep
dips that contain the high-pressure, and thus high-density
prominence plasma feature more signiﬁcantly than the shallow
dips with low-pressure plasma.
Through comparing the plotted ﬁeld lines and the synthetic
Hα images in Figures 3–6, it is interesting to note that the
major observable changes may often occur at locations where
there is no noticeable larger-scale reconﬁguration of the
magnetic dips. As an example we can point out the apparent
disappearance of the left (c, C) and later the right (b, B) part of
the prominence main body in SNAPSHOTS 4 and 7, and their
reappearance in SNAPSHOT 10. In Figures 3–5 one can see that
the dipped magnetic ﬁeld lines do not disappear or change
dramatically, while at the same time the prominence plasma in
the synthetic Hα images become invisible. Later in SNAPSHOT
10 (Figure 6), prominence plasma becomes visible again in
both the prominence and ﬁlament synthetic Hα images. At the
same time, the larger-scale conﬁguration of the dipped
magnetic ﬁeld lines does not appear to change signiﬁcantly
between the snapshots. However, a detailed analysis of the
plotted magnetic dips (see Figure 10) does reveal a combina-
tion of several small-scale changes of the magnetic ﬁeld
conﬁguration. For instance, a larger number of dips is
detectable at the location of the visible Hα emission in
SNAPSHOT 10 compared to those in SNAPSHOT 7. This can be
caused by either the creation of dips along previously un-
dipped magnetic ﬁeld lines or by the shifting of the central
bottom parts of dips into the region of the visible Hα emission.
Such small-scale localized changes of the magnetic ﬁeld
conﬁguration may not be noticeable when studying the whole-
prominence magnetic ﬁeld. However, they can have a
signiﬁcant effect on the visibility of the prominence plasma.
Another effect that may contribute to the changes of the Hα
visibility is a localized deepening or shallowing of the magnetic
dips caused by the distortion of the magnetic ﬁeld conﬁgura-
tion. Even a small change of the dip depth by a few hundred
kilometers results in a signiﬁcantly different pressure in the
hydrostatic prominence plasma (see Gunár et al. 2013). This
can either mean a lower pressure caused by a dip becoming
shallower (dip depth decreases) or a higher pressure if a dip
becomes deeper. In the case where a dip becomes very shallow,
Figure 5. SNAPSHOT 7. Same as in Figure 3. (A) denotes the darkest part of the ﬁlament composed of short dips formed due to the presence of the bipole. (b) and (B)
highlight the position of the right part of the main body faintly visible in the prominence and the ﬁlament, respectively. The green dashed-line rectangle marks the area
shown enlarged in Figure 10.
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the resulting low-pressure, and thus low-density plasma, does
not absorb or scatter the background disk radiation effectively
enough to be detectable in the Hα line, even if it is at the cool
prominence-core temperatures. While it may not be visible in
Hα, the prominence material present in such a dip could in
principle be detectable in different, optically thicker spectral
lines, such as Lyα or He II 304Å. On the other hand, if a dip
depth increases, a higher pressure and thus higher density
plasma will be more efﬁcient in absorbing or scattering of the
background radiation, thus increasing its Hα visibility. This
could explain why the prominences and ﬁlaments appear to
have different shapes when observed at different times or
wavelengths. Here we note that while the magnetic dips shown
in Figure 10 seem to be generally deeper in SNAPSHOT 10 than
in SNAPSHOT 7, the considered conﬁguration of the WPFS
model does not allow us to clearly disentangle between
individual causes of the local Hα visibility changes. In the
future we will study the effect of the varying dip depth on the
Hα visibility more systematically.
The described effect of the disappearance and reappearance
of parts of the simulated prominence may offer an explanation
for a part of the observed prominence ﬁne structure dynamics,
where individual ﬁne structures or clusters of them disappear
and reappear over time. Our results indicate that this may be
caused by various small-scale changes of the magnetic dips due
to the distortion of the entire magnetic ﬁeld conﬁguration. The
latter is itself caused by the evolution of the photospheric ﬂux
distribution or perhaps by passing waves. We note that the 3D
WPFS model we use is not suitable for tracking the changes of
individual ﬁeld lines between subsequent evolution steps. We
are also unable to follow the dynamical evolution of the plasma
of particular ﬁne structures over time.
In all synthetic Hα images the main body of the prominence
appears as a rather diffuse faint region both as a prominence
and a ﬁlament. The brightest part of the prominence and the
darkest part of the ﬁlament are formed by the barb. This is a
consequence of the fact that the barb consists of shorter and
deeper magnetic dips, probably due to its proximity to the
bipole. In contrast, the initial arcade conﬁguration forming the
prominence main body consists of long but shallow dips that
do not contain high-pressure, high-density hydrostatic promi-
nence plasma. While this is true for the conﬁguration
considered here, which is a weakly twisted ﬂux rope, if a
more strongly twisted ﬂux rope is used for the main body, then
Figure 6. SNAPSHOT 10. Same as in Figure 3. (B) highlights the position of the right part of the main body visible in the ﬁlament. (c) and (C) highlight the position of
the left part of the main body now faintly visible in the prominence and the ﬁlament, respectively. (d) and (D) denote a small region of short dips forming a quasi-
vertical feature visible in the prominence. (e) highlights a darker arch-like region devoid of the bright emission. The green dashed-line rectangle marks the area shown
enlarged in Figure 10.
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the main body may be more visible. However, in the images of
the plotted magnetic dips the main body is the most dominant
feature throughout the whole studied evolution sequence. It
takes up a much larger volume than the dips forming the barb
and it is much more extended than the visible Hα intensity in
the synthetic prominence and ﬁlament images. This is despite
the fact that the plotted ﬁeld lines in Figures 3–9 represent only
the portions of the magnetic dips that can in principle be ﬁlled
with plasma, not necessarily the whole extend of the dips (see
Gunár et al. 2013). The difference between the simulated Hα
images and the plotted ﬁeld lines is a result of the fact that a
large portion of each ﬁlled dip contains plasma with low PCTR
temperatures. These PCTR temperatures are in our case rising
up to 100,000 K but in principle can be even higher. Such
PCTR plasma cannot be detected in the Hα line, but could be
visible in hotter spectral lines. In such a case it could form a
diffuse halo around the central cool parts of prominences, as
discussed by Gunár et al. (2014b).
In the series of prominence evolution steps presented in this
paper (SNAPSHOTS 7 to 19) we can observe the creation of an
arch-like dark region located below the prominence (marked as
(e) in Figure 1). Such a region, often called a bubble, is a
source of controversy. These bubbles were reported by Berger
et al. (2010, 2011) and studied by, for example, Dudík et al.
(2012) and Gunár et al. (2014b). For the prominence studied in
the present paper the formation of the arch-like region is an
unexpected result. We have not attempted to modify the
photospheric ﬂux distribution or the LOS direction to specially
create favorable conditions leading to its appearance. The arc-
like feature is caused by the disruption of the initial arcade
magnetic ﬁeld conﬁguration by the passing minority bipole and
it appears only in the particular view we have used. It may not
be visible in a signiﬁcantly different view. This dark void under
the prominence is a location of shallow magnetic dips that
contain only low-pressure, low-density prominence plasma that
does not produce detectable synthetic Hα intensity. However,
many magnetic dips are located along any given LOS
traversing the dark void (see Figures 5–9) and these contain
prominence material that can in principle be visible in different,
optically thicker spectral lines. This is consistent with the
conclusions of Gunár et al. (2014b). Interestingly, such an arch-
like region is not evident in Mackay & van Ballegooijen (2009,
see their Figure 5), who studied the same prominence evolution
sequence but used a visualization method based only on the
drawing of the position of the magnetic dips. In agreement with
this, it cannot be detected in the plots showing the dipped
portions of the magnetic ﬁeld lines in Figures 6–9.
Figure 7. SNAPSHOT 13. Same as in Figure 3. (d) and (D) denote a small region of short dips forming a quasi-vertical feature visible in the prominence. (e) highlights a
darker arch-like region devoid of the bright emission.
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Another interesting prominence ﬁne structure feature that has
formed and evolves naturally is the small quasi-vertical region
on the left of the bipole (marked as (d) and (D) in Figures 1 and
2, respectively). This consists of a series of short and relatively
deep dips that propagate semi-vertically (see the red ﬁeld lines
shown in Figure 10). These form a feature akin to the often
observed vertical thread-like prominence ﬁne structures.
However, the observed vertical threads have smaller overall
dimensions than the modeled quasi-vertical feature produced in
the present paper. A mechanism that forms pile-ups of
magnetic dips, one above each other, is assumed also to be
responsible for the creation of the observed vertical thread-like
ﬁne structures (see, e.g., Heinzel & Anzer 2006; Gunár
et al. 2013b).
The tilt of the central bright region in the synthetic Hα
prominence images between SNAPSHOTS 1 and 19 is gradually
changing from the left to the right. This fact is interesting
because it could indicate a rotational motion of a large part of
the prominence. However, in this study we do not assume any
rotational movement in the photospheric ﬂux distribution.
Rather, the gradual change of the tilt results from the
combination of the actual alignment of individual dips in the
magnetic ﬁeld conﬁguration distorted by the shifting minority
polarity and the assumed viewing angle. The perceived
orientation of the central bright region could be expected to
be different in a case of a signiﬁcantly different viewing angle.
All signiﬁcant changes in the modeled magnetic ﬁeld
conﬁguration result from the fact that the inserted bipole has
a strong distorting effect on the initial arcade conﬁguration.
Although we assume a typical ﬂux of the minority bipole that is
much weaker than the overall ﬂux of the arcade, only a small
portion of the arcade ﬂux actually belongs to the region with
the dipped magnetic ﬁeld lines and thus to the prominence
itself. In fact, the bipole ﬂux is nearly three times stronger than
the initial ﬁlament ﬂux (see Section 2.1 and Mackay & van
Ballegooijen 2009). That means that even relatively small
changes of the position of the bipole in the photosphere can
have a strong inﬂuence on the magnetic ﬁeld structure above.
Such an effect can be expected on the Sun, where the
photospheric magnetic ﬂux distributions are even more
complex and dynamical than the one we consider in this study.
The complex evolving photospheric ﬂux distributions com-
bined with ongoing ﬂux emergence or cancellation events
could have an even more profound inﬂuence on the evolution
and dynamics of prominences and their ﬁne structures such as
we have demonstrated here.
Finally we note that in this work we do not assume any
distortion of the magnetic ﬁeld conﬁguration due to the
presence of the prominence plasma in the magnetic dips (we
Figure 8. SNAPSHOT 16. Same as in Figure 3.
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assume a low-β plasma). If the prominence plasma would have
a distorting effect on the magnetic ﬁeld conﬁguration then even
more small-scale dynamical behavior of the prominence ﬁne
structures could be expected. We will consider this in the
future.
5. CONCLUSIONS
We have shown that the brightest part of the prominence and
the darkest part of the ﬁlament consistently correspond to the
region of relatively short and deep magnetic dips branching out
from the main prominence body toward the inserted bipole.
These dips form a barb where, due to the larger depth, dips
contain plasma with a higher pressure and higher density
compared to the shallower dips forming the main body. The
barb is visible as a compact central bright quasi-vertical feature
in the synthetic prominence Hα images (Figure 1), while the
main body produces a diffuse weaker emission around it. This
means that often the most easily identiﬁable parts of observed
prominences may belong to barbs, and as a consequence have a
more complex magnetic topology. This fact should be taken
into account when prominence observations are analyzed,
especially when the prominence magnetic ﬁeld is being
inferred from spectro-polarimetric observations.
Following the evolution of the modeled prominence we see
the creation of an arch-like region with a dark void (bubble)
underneath the bright prominence. This region is created
naturally without our intentional modiﬁcation of the underlying
photospheric ﬂux distribution or the direction of the LOS. It is
caused by the presence of the bipole disrupting the initial
arcade magnetic ﬁeld conﬁguration and it evolves over several
subsequent snapshots (Figures 6–8). Interestingly, such an
arch-like region cannot be identiﬁed in the images of the
plotted magnetic dips. At its location we can clearly see
numerous dips along any given LOS passing through the dark
void. However, these dips are shallow and do not contain
hydrostatic prominence plasma with sufﬁcient pressure (and
thus density) to produce detectable synthetic Hα intensity.
Nevertheless, they are still ﬁlled with low-density plasma with
temperatures ranging from, in our case, 7000 to 100,000 K.
Therefore, this region may emit radiation that could be
detectable in spectral lines that are optically thicker than the
Hα line.
We also see the creation of a small-scale quasi-vertical
feature formed by a pile-up of short dips one above each
other. This resembles the often observed vertical thread-like
ﬁne structures. However, we note that the modeled feature
produced here has larger overall dimensions than those usually
observed. However, this example shows that basic conditions
Figure 9. SNAPSHOT 19. Same as in Figure 3.
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for the formation of such vertical threads can occur naturally in
the local conﬁgurations of the prominence magnetic ﬁeld. For
cases where the prominence plasma has a distorting effect on
the magnetic ﬁeld (high-β plasma) such pile-ups of dips would
form more easily due to the vertical propagation of the
deformation of the individual magnetic ﬁeld lines.
Through the present study we show that no simple
relationship exists between the structure of the prominence
magnetic ﬁeld and the observable Hα emission or absorption of
the cool prominence plasma. While magnetic ﬁeld lines
provide the basic skeleton of prominences, they are not always
representative of the visible Hα structures of prominences and
ﬁlaments. Very different features may be seen in the Hα
images of both prominences and ﬁlaments compared to the
plots of the dipped portions of the magnetic ﬁeld lines. Varying
features include different larger-scale structures, different
spatial distributions of the individual ﬁne structures, the
presence of regions devoid of the visible Hα emission or
absorption but still ﬁlled with dipped magnetic ﬁeld lines, and
the creation of vertical Hα features out of horizontal magnetic
ﬁelds. In addition to this, very different variations may occur in
the simultaneous Hα images of prominences and ﬁlaments,
where one or the other may change signiﬁcantly while the other
remains the same.
In summary, the presented study of the simultaneous
prominence and ﬁlament evolution shows that many puzzling
aspects of prominences may be explained by studying the link
between the evolution of the photospheric magnetic ﬂux
distribution, the prominence magnetic ﬁeld conﬁguration, and
the prominence plasma along with its visibility in synthetic Hα
images. These aspects include:
1. the formation of dark voids (bubbles) seen in the
prominence Hα images but not in the plots of the dipped
magnetic ﬁeld lines;
2. the formation of quasi-vertical structures visible in the
prominence Hα images inside the horizontal magnetic
ﬁeld conﬁgurations;
3. the disappearance and reappearance of large parts of Hα
prominences and ﬁlaments while the magnetic ﬁeld
structure seems nearly unchanged;
4. visible variations of the tilt of the Hα prominence
structures without signiﬁcant change of the magnetic ﬁeld
structure or any rotational movement; and
5. the simultaneous presence of horizontally aligned Hα ﬁne
structures in absorption viewed as a ﬁlament correspond-
ing to vertical Hα structures in emission viewed as a
prominence.
The present paper demonstrates that 3D models of entire
prominences with their numerous ﬁne structures are very useful
for understanding many aspects of prominence nature. The best
results can be achieved by combining detailed prominence
magnetic ﬁeld simulations together with a realistic prominence
plasma description and the radiative transfer modeling that
provides the synthetic emission of the modeled prominence
plasma. These models, such as the 3D WPFS model developed
by Gunár & Mackay (2015) and used here, represent a stepping
stone toward 3D models of actual observed prominences driven
by the observed photospheric ﬂux distributions. Such models
will be considered in the future. In future studies we will also
concentrate on the mass of the modeled prominence and its
variation. Through doing so we will also study the distribution
of the plasma parameter β in the modeled prominence and its
variation throughout the evolution sequence.
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